The average cos δ approach to the theoretical calculation of thermal energy ion-dipolar molecule reaction rate constant
Abstract. 2014 A simplified method is presented to compute the average interaction potential of an ion reacting with a dipolar molecule at thermal collision energies. Using this potential and applying the Langevin criteria for capture collisions, an expression for the reaction rate constant is derived. The theoretical rate constant is compared with many experimental data, the results of recent trajectory calculations and the predictions of other theories. It is shown to be in good agreement with experiment and it is found close to other models based on statistical or variational methods. It is also found in good agreement with detailed trajectory calculations.
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A first significant attempt to account for the effect of the ion-dipole potential was the ADO (Average Dipole Orientation) theory, suggested by Bowers and coworkers [6] . In their model
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyslet:0198400450220108300 the probability P(9; r) that a dipole is found at an orientation 9 with respect to the incident ion at a distance r is assumed to be where 9 is the angular velocity of the dipole in the plane of the collision, Erot is the thermal rotational energy of the polar molecule and sin 9 is a spatial orientation factor accounting for the number of ways the dipole can be oriented with an angle 9 with respect to the line of centres of the collision. The average value of the cos 9 at a particular separation r is then [7] . Lately a variational transition state theory was developed with good success [9] . This theory is formulated in terms of a microcanonical ensemble and the assumed ion-molecule separation in the transition state is varied until a minimum rate constant is found which is taken as the reaction rate constant. The minimum value corresponds to the best potential energy surface between reactants and products.
Barker and coworkers followed a different approach [8] . They « preaveraged » the ion-dipole interaction energy V(r, 9) over the Boltzmann distribution of energy to obtain where TR is the rotational temperature of the molecule and rex) is the Langevin function. This theory agrees well with the absolute rate constants for momentum transfer processes but it largely overestimates the experimental rate constants for reactions. Recently a thermodynamic approach was developed [10, 11] in correlation with the statistical formulation of equation (4).
As it is known from electrostatics the amount of work necessary to increase a charge distribution by ~. certain amount is expended in a reversible process and consequently it is equal to the change in work content or Helmholtz free energy, F, under constant volume and temperature [12] . Capture rate constants were obtained from the free energy function of the form where Q may be considered as the partition function of a gas of independent dipoles, in which an orientation factor per dipole is included :
This approach is also in good agreement with experiment and in good agreement with the variational transition state theory. Recently other theories have also appeared with good success [15, 16] [13] .
In the present approach we assume that all polar molecules whose rotational energies are higher than the ion-dipole interaction energy will continue complete rotation. The other molecules will rotate up to a maximum value of the orientation angle 9~. Assuming also that no transfer of angular momentum occurs, the maximum value of 9 may be determined as a function of Erot and r from the equation The interaction energy reduces to the polarization potential V(r) = -(qa2/2 r4) where oc is the polarizability of the neutral molecule. The capture cross section is calculated following the Langevin formulation. By including the centrifugal potential which results from the orbital angular momentum of the system, we obtain an effective potential where b is the impact parameter and E = 2 mv2 is the initial relative kinetic energy of the system. When the initial relative kinetic energy is lower than the barrier height, the trajectory will be pushed away from the potential barrier and the collision will be a distant one. When E is higher than the barrier height the collision partners approach each other with acceleration and come into close contact. There is a critical impact parameter be for each value of E for which E at least equals the potential maximum. This corresponds to the classical turning point re where the instantaneous relative velocity vanishes. Therefore be may be determined from the conditions and it is found to be Finally the capture cross section is calculated from Equation (12) gives us the value of the capture cross section 7i(u) for the ion-dipole collision for which ro r oo. Because the separation rc must be larger than ro, equation (12) (21) and performing the average over the thermal velocity distribution we obtain the rate constant as a function of the temperature and the initial rotational energy. We then average k(t, Erot) over the rotational energy distribution to obtain where erf (x) is the error function and 2 7r~((x/~)~ is the Langevin rate constant kL of equation (1). The rate constant is expressed in terms of the dimensionless parameter z = (,UlcxkT)' , which is the suitable variable for the description of these systems. Equation (22) may be solved numerically for any value ofz to derive the rate constant of the capture ion-dipole molecule collisions.
We may summarize the calculation described here in the following steps : (1) determine the angle-averaged intermolecular potential between an ion and a rotating dipole as a function of the initial rotational energy of the dipole, Erot, the initial relative translational energy, E, and the distance between the ion and the centre of mass of the dipole, r ; (2) calculate the capture cross section as a function of Erot and E ; (3) integrate the product of the cross section and the relative velocity over the Boltzmann distribution of relative velocities to obtain the rate constant as a function of T and Erot ; (4) integrate over the rotational energy distribution to obtain the reaction rate constant as a function of the temperature. 3 . Results and discussion.
Before any comparison with experiment is made the main assumptions of the theory will be summarized. Thermal rate constants are calculated for ion-polar molecule exothermic reactions with no activation energy barrier. While it is true that for most ion-molecule reactions the activation energy barrier is small, this is not always the case. Some reactions have large energy barriers and the experimental rate constants are considerably lower than the Langevin value. Also all models assume that reaction occurs with unit probability at every close collision. However, steric effects may reduce the reaction probability. Thus the collisional capture rate constants must be an upper bound to the reaction rate constant.
In figure 1 [18, 19] , H20, z = 7.53 [20] and CH20, z = 6.86 [21] . We note that the ADO theory yields unexpectedly poor results. The other three theories are in good agreement with experiment and with each other. The present treatment starting from similar principles as the ADO method is found in better agreement with experiment and closer to the other three theories mentioned above. Bates gave an explanation [14] to the failure of the ADO method, based on the wrong limiting behaviour of cos 9~ for very small values of Erot. As the rotational energy goes to zero, elementary physical considerations show that cos 9 must be unit, the dipole being completely locked. The ADO leads to the relation where Erot( oo) is the rotational energy of the dipolar molecule at r = oo. Clearly when E~o~( oo) tends to zero, ( cos 9 &#x3E; does not take the proper limiting value. In our theory though ( cos 9 &#x3E; as expressed in equation (7) shows the correct limiting behaviour. 
